The aim of this work was to analyze the influence of technology on the morphology of fractures and Charpy impact toughness in the TiNb microalloyed steel slab surface zone. The slab was made by continuous casting using different cooling rates in the secondary cooling zone (2 cooling rates were selected for testing) and 2 slab pulling rates 0.5 m/min and 0.8 m/min. It turned out that, with a higher slab pulling rate for both cooling rates applied, the impact toughness was generally lower than that with the slow pulling rate. Microstructure analyses showed the composition of the surface zone was formed by ferrite and pearlite. Coarser ferrite was seen in the surface zone with the higher slab pulling rate and higher cooling rate in the secondary cooling zone. The surface zone microstructure was polyedric for the lower cooling rate and sporadically nonpolyedric with needle-like, or acicular ferrite for faster cooling. Brittle fracture test pieces showed fracture surfaces with transcrystalline cleavage facets (TCF) regardless of the applied cooling rate. With lower cooling rates, smooth facets of intercrystalline decohesion (FID) were identified too, but at less than 0.1%. With faster cooling they showed up in a few isolated cases only. The occurrence of dimpled transcrystalline ductile fractures (DTDF) was generally low. It was confirmed that the morphology of forced fractures was influenced by the cooling rate via the produced microstructure. The embrittlement of the tested samples was assisted by clusters and single particles. They were identified using EDX as based on Al, or combined with Ti, Nb nitrides, or carbide and sulphide eutectics, or inclusions ordered in rows in the ferrite network. Since the occurrence of intercrystalline fractures was low with faster cooling and high slab pulling rate, distinctive suppression of segregation can be assumed for this technology, if compared to slow cooling and low slab pulling rate.
Introduction
The quality of continuously-cast slabs is influenced besides the chemical composition including purity [1, 2] , micro-and macrosegregation [3] [4] [5] [6] [7] [8] [9] [10] according as precipitation of particles [11] mainly by: casting powder quality [2, 12, 13] , casting rate [2, 12, 14] , crystallizer cooling intensity [15] , and secondary cooling rate [2, 12, [15] [16] [17] . The casting rate and the secondary zone cooling rate are both parameters influencing the production costs, so they are of prime interest. They should be thoroughly investigated to exclude any jeopardy to final product quality. However, analyses of the influence of casting rate on the slab surface quality, evaluated by surface zone microstructure and fracture properties are rare up to now. The aim of this work was to analyse the influences exerted by two different selected cooling rates in the secondary cooling zone and two slab pulling rates (0.5 and 0.8 m/min) on the morphology of fracture surfaces and Charpy impact test results, for continuously-cast TiNb microalloyed steel slabs.
Experimental material and methods
TiNb microalloyed steel slabs were studied, cast in a continuous casting plant using different cooling rates in the secondary cooling zone and 2 slab pulling rates 0.5 m/min and 0.8 m/min. Transient slabs were pulled with pulling rate 0.5 m/min at the start and 0.8 m/min at the end of the slab. Slab cross-section dimensions were 220 x 1195mm. The chemical composition of the tested steel is given in Table 1 . The analysed cut-outs from slabs cast at different casting rates and 2 cooling rates in the secondary cooling zone gave no signs of surface cracks and no surface discontinuities were visible, apart from oscillation marks. Samples for our study were made of cut-outs from the slab in the small radius r surface of the slab. The layout of the cuts is shown in Fig. 1 for the slow cooling rate in the secondary zone according to curve No.4. defined in the technology. The cut-outs were labelled in the following way:
• Cut-outs with labels K-1 (side cut-out) and L-2 (central cut-out): pulling rate -0.5m/min. The layout of the cut-outs for the high cooling rate according to curve No.2. is shown in Fig. 2 , with the following labelling:
• Cut-out labelled X-12 (central):pulling rate -0.5 m/min.
• Cut-outs labelled Y-13 (side) and Z-14 (central): pulling rate -0.8 m/min.
For evaluation of slab surface zone susceptibility to embrittlement as well as for the production of fractured surfaces, the Charpy impact test was applied, using a pendulum tester at room temperature 22° C. The test pieces were machined to dimensions 10x10x55 mm with a V-type notch 2 mm deep. The samples were oriented in the direction of pulling the slab. The microstructure was studied on an OLYMPUS VANOX-T light microscope, the fracture surfaces were analysed with a scanning electron microscope (SEM) JSM 7000F. The particles were identified using EDX analysis on a LINK 860 analyser.
Results
Toughness of the slab surface zone tested using Charpy impact tests Charpy impact toughness KCV of the analysed steel slab surface zone, cooled with the higher cooling rate in the secondary cooling zone according to curve No.2, was evaluated for two slab pulling rates 0.5 and 0.8 m/min . The dependence of the KCV results on the slab width is presented in Fig.3 . Lower KCV values in the range from 8.2 to 37.8 J.cm -2 can be seen for the high slab pulling rate 0.8 m/min. On the other hand the KCV values range from 23.9 to 79.7 J.cm -2 for the slow slab pulling rate 0.5 m/min. Analogous results concerning the slab pulling rate were obtained for the slow cooling rate according to curve No.4, and they have been reported in our previous work [1] . The increase of the slab pulling rate to 0.8 m/min decreased the KCV values, resulting in a range from 8.9 to 20.9 J.cm -2 . On the other hand, for the slow pulling rate 0.5 m/min, the KCV values were higher, from 21.2 to 239.3 J.cm -2 . While with the high pulling rate Charpy impact tests resulted brittle fractures, with the slow pulling rate more fractures were mixed or ductile. The increase of the cooling rate from curve No.4 to curve No.2 resulted in the following changes for both slab pulling rates (Fig.4, Fig.5 ). With the high pulling rate 0.8 m/min (Fig.5 ) the KCV values were low for both cooling rates. For the low cooling rate according to curve No.4, the KCV values were in the range from 8.9 to 20.9 J.cm -2 and for the high cooling rate according to curve No.2 they ranged from 8.2 to 37.8 J.cm -2 . The influence of cooling rate is near to negligible. With the slower pulling rate 0.5 m/min, the influence of the cooling rate was more distinct and it led to a decrease in KCV (see Fig.4 ). For the lower cooling rate the KCV values were in the range from 21.2 to 239.3 J.cm -2 , and for the higher cooling rate according to curve No.2 they ranged from 23.9 to 79.7 J.cm -2 . As can be seen in the plots the higher slab pulling rate resulted in a narrower scatter of KCV values than the slow pulling rate. Microstructure of surface zone In our work [14] it was shown that the surface zone microstructure on the short radius "r" side of the slab was ferrite pearlite for the slow cooling rate in the secondary zone with both casting rates. With casting rate 0.5m/min the microstructure was fine (grain size No.5, to No.4) and showed more pearlite (Fig.6 ) when compared to the high casting rate 0.8 m/min, with ferrite grain size No.3. The edges of prime austenite grains were bordered in some locations by alotriomorphous ferrite, while in the last sometimes inclusions were found lined in rows.
At the high cooling rate the microstructure was coarser, not only with the pulling rate 0.5 m/min where it was size No.4 to 4.5, but more clearly with the pulling rate 0.8 m/min, where it was grain size No.2.5 to 3 (Fig.7) . The microstructure was non polyedric in some locations, with needle-like or acicular ferrite (Fig.8) . The pearlite morphology was influenced by the faster cooling, making the pearlites finer compared to the ones cooled slowly. 
Morphology of fracture surfaces
In brittle fracture surfaces transcrystalline cleavage facets (TCF) prevailed for both cooling rates and slab pulling rates. Small amounts of intercrystalline decohesion facets (IDF) and transcrystalline ductile fractures with dimples (DTDF) were visible, too.
Slow cooling according to curve No.4
The character of TCF for the low cooling rate according to curve No.4 is documented in Fig.9 . for a sample taken from the side of the slab and with the low pulling rate 0.5 m/min. The cleavage facets have a river-like appearance characteristic for steel with ferrite microstructure. A typical intercrystalline facet with smooth surface is shown in Fig.10 . Sample M47 was taken from the cut-out from the slab side and with the higher pulling rate 0.8 m/min. In many cases the embrittlement of the samples was assisted by clusters of inclusions (Fig.11) . EDX analysis showed the presence of aluminium and oxygen. There were some Al oxides. Fractures showing TCF were frequently initiated by cornered particles. EDX analysis revealed particles based on Al-O, Al-N, Ti-Nb-N, and Ti-NbC. Dimples of the transcrystalline ductile fracture were infrequent, and mostly in the form of dimpled ridges around the edges of cleavage facets, Fig.12 . Embrittlement was assisted by sulphide eutectics (Fig.14) , cornered particles based on Ti, Nb, S, Mn, C (Fig.15, 16 ) and complex inclusion clusters of the oxide type, Fig. 17 . In some locations on the cleavage planes, nest-like configurations broke up the integrity, Fig. 18 . According to EDX spectra obtained from these particles, they were based on Al, Ti and oxygen. Besides the TCF with river-like morphology typical for ferritic or ferrite-pearlite steel, there were very small and rugged cleavage facets, as can be seen in Fig. 15 on the right side from the central cornered particle. The occurrence of small and rugged cleavage facets is the confirmation of needle-like or acicular microstructure. Side by side with typical TCF, ferrite facets typical for lamellar pearlite fractures were seen too. Next to ferrite TCF, dimpled pearlite tearing (a) and decohesion along the boundary between two pearlite colonies (a) and (b) were seen, as in Fig. 19 according to reference [20] . Some these facets are very fine and rugged (left side (b) in Fig. 19) , and therefore some connection with the needle-like unstable microstructure cannot be excluded.
Fractures from samples with higher cooling rate and faster slab pulling rate showed similar morphology and facet representation, but the occurrence of IDF was scarce compared to the low pulling rate. 
Discussion
The obtained results show that the KCV values for TiNb microalloyed steel along the slab width are controlled by the microstructure (Figs. 6 to 8 ), the occurrence of inclusions (Figs.11,14 ,17,18), precipitates ( Fig.15 ) and additive segregation (Figs.10,13 ), and these depend on the cooling rate as well as on the slab pulling rate. It is known that coarse microstructure has a negative influence on the transition temperature, fixing the change from ductile to brittle fracture. This has been confirmed for castings too, though they show extreme heterogeneity. We have confirmed this correlation between the coarse ferrite grains in cast products and worsened impact toughness KCV values in our previous work [16] . On brittle fracture surfaces transcrystalline cleavage facets (TCF) were dominant for both tested cooling rates and both slab pulling rates. Next to the typical river-like and tongue-like TCF morphology, facets typical for fractures in the lamellar pearlite were observed (Fig.19) , and dimpled tearing of pearlite along the border between the cleavages of two pearlite colonies, as reported in work [18] . Some these facets were very fine and rugged ( Fig.19 left side (b) ), suggesting that some connection with the needle-like unstable microstructure cannot be excluded. Small amounts of intercrystalline decohesion facets (IDF) and dimples of transcrystalline ductile fractures (DTDF) were observed. The occurrence of smooth intercrystalline fractures IF in the fracture surfaces is connected with segregation processes. Insofar as their share is extremely low, it was assumed that the segregation of additives was locally limited. This was supported by the fact that the share of additives was very low in these steel types. Even for high cooling rate according to curve No.2 and rapid slab pulling rate 0.8 m/min they were rare. So it is possible to assume some depression of segregation by short technological steps, when the time-lag is too short to develop segregation.
Conclusion
We tested the influence of both cooling rate in the secondary cooling zone and slab casting rate on the morphology of forced fractures and Charpy impact toughness values KCV in the slab surface zone for TiNb microalloyed steel. The evaluation of the obtained results can be summarized in the following way:
1. The analysed cut-outs from slabs cast at different casting rates and two cooling rates in the secondary cooling zone produced no signs of surface cracks and no surface discontinuities were visible, except for oscillation marks. 2. The Charpy impact toughness KCV is generally lower with the higher slab pulling rate and both tested cooling rates in the secondary cooling zone, than that with the low pulling rate. The influence of slab pulling rate on KCV is stronger than the change caused by cooling rate. This can be caused by the coarse-grained microstructure formed by high slab pulling rate. 3. On brittle fracture surfaces transcrystalline cleavage facets (TCF) were dominant, and independent of both tested cooling rates. For both cooling rates small amounts of smooth intercrystalline decohesion facets (IDF) were identified, but with fast cooling and higher slab pulling rate they showed up in a few isolated cases only. The occurrence of dimpled transcrystalline ductile fractures (DTDF) was generally low. 4. It was confirmed that the morphology of forced fractures was influenced by the cooling rate via the produced microstructure, which is cooling rate dependent. The embrittlement of the tested samples was assisted by clusters and single particles seen in the microstructure. They were based on Al, or combined with Ti, Nb as nitrides, or carbides and sulphides eutectics, or inclusions ordered in rows. Since the occurrence of intercrystalline fractures actually did not exist for faster cooling and high slab pulling rates, distinctive suppression of the impurity segregation can be assumed in comparison to the slow cooling and low slab pulling rates.
